Glutamine 114 of OYE1 is a well conserved residue in the active site of the Old Yellow Enzyme family. It forms hydrogen bonds to the O2 and N3 of the flavoprotein prosthetic group, FMN. Glutamine 114 was mutated to asparagine, introducing an R-group that is one methylene group shorter. The resultant enzyme was characterized to determine the effect of the mutation on the mechanistic behavior of the enzyme, and the crystal structure was solved to determine the effect of the mutation on the structure of the protein. The Q114N mutation results in little change in the protein structure, moving the amide group of residue 114 out of H-bonding distance, allowing repositioning of the FMN prosthetic group to form new interactions that replace the lost H-bonds. The mutation decreases the ability to bind ligands, as all dissociation constants for substituted phenols are larger than for the wild type enzyme. The rate constant for the reductive half-reaction with ␤-NADPH is slightly greater, whereas that for the oxidative half-reaction with 2-cyclohexenone is smaller than for the wild type enzyme. Oxidation with molecular oxygen is biphasic and involves formation and reaction with O 2 . , a phenomenon that is more pronounced with this mutation than with wild type enzyme. When superoxide dismutase is added to the reaction, we observe a single-phase reaction typical of the wild type enzyme. Turnover reactions using ␤-NADPH with 2-cyclohexenone and molecular oxygen were studied to further characterize the mutant enzyme.
Old Yellow Enzyme (OYE) 1 is an NADPH oxidoreductase that contains flavin mononucleotide (FMN) as the prosthetic group. OYE was first described in brewers' bottom yeast by Warburg and Christian in 1932 (1, 2) . Subsequent experiments established that a small organic molecule identified as FMN, which is associated with the protein in a 1:1 stoichiometry, is necessary for catalytic function (3, 4) . OYE is able to oxidize NADPH and, somewhat less efficiently, NADH (5-7). Oxygen can reoxidize reduced OYE, albeit at a rate that suggests it is not the physiological oxidant (5) . Other oxidants include quinones, methylene blue, cytochrome c, and ferricyanide (5) . More recently it was found that 2-cyclohexenone (8) and a large number of other ␣,␤-unsaturated aldehydes and ketones are able to act as effective electron acceptors (9) . OYE catalyzes the reduction of the double bond rather than the carbonyl group, an action that is probably connected with its physiological function.
Oxidized Old Yellow Enzyme binds phenolic compounds to develop complexes with long wavelength (500 -800 nm) absorbance bands (6, 10) , which are due to charge transfer interactions in which there is significant -orbital overlap between the phenolate anion, which acts as an electron donor, and oxidized FMN, which acts as the electron acceptor (6, 11) . Substituents on the phenolic compounds affect this binding, and a correlation between the energy of the charge-transfer band with the Hammett para function has been demonstrated (11, 12) . Other ligands that bind to OYE are steroids (9, 13) , anions such as chloride ions, and other nicotinamide dinucleotides besides NADPH (5) .
Old Yellow Enzyme from brewers' bottom yeast has been cloned and expressed in Escherichia coli (14) . Two isozymes of OYE from Saccharomyces cerevisiae, OYE2 and OYE3, which are 91 and 81% identical with the OYE from brewers' bottom yeast, respectively, have been cloned and characterized (8, 15) . Based on the results of the S. cerevisiae genome sequencing project, it has been established that yeast contains only these two OYE isozymes (16, 17) . Deleting the OYE isozymes from S. cerevisiae has not resulted in an identifiable phenotype (18, 19) .
The family of sequence homologues of OYE, some of which are presented in Fig. 1A , has been increasing rapidly. These homologues have been demonstrated in plant, yeast, and bacterial species (20 -33) . It should be noted that the Gln-114 in OYE1 is conserved in all members of the family. 12-Oxophytodienoate-10,11-reductase isozymes function in the jasmonic acid synthesis pathway of plants to reduce a double bond ␣,␤ to a ketone, converting 12-oxophytodienoic acid to 3-oxo-2-(pent2Јenyl)-cyclopentane-1-octanoic acid (20, 28, 30, 34) . Morphinone reductase from Pseudomonas putida M10 catalyzes the same sort of reaction, reducing morphinone to hydromorphinone (22) . All homologues, including N-ethylmaleimide reductase, pentaerythritol tetranitrate reductase, 2-cyclohexenone reductase from Pseudomonas syringae, xenobiotic reductase, and glycerol trinitrate reductase, are able to reduce the double bond of 2-cyclohexenone.
The crystal structure of OYE1 has been solved for the oxidized enzyme (1OYA), the oxidized enzyme with p-hydroxybenzaldehyde (1OYB), and the reduced enzyme (1OYC) at 2 Å resolution (35, 36) . The amino acid residues that influence ligand binding and catalysis have been identified. Access to the FMN cofactor is on the si-face of the isoalloxazine, with the re-face buried in the protein (36) . The phenolic ligand, p-hydroxybenzaldehyde, is positioned parallel to the si-face of the FMN, and the phenolate oxygen is within hydrogen-bonding distance of His-191 and Asn-194. FMN is H-bonded to Thr-37, Gln-114, and Arg-243 in the vicinity of the isoalloxazine ring, and tyrosine 196 is positioned such that it can act as an active site acid, donating a proton to the ␣-position of the double bond of the unsaturated substrate, coupled with hydride transfer from reduced FMN to the ␤-position. Solution of the crystal structure with an NADPH analogue showed that the amide oxygen of the nicotinamide ring was positioned approximately the same as the phenolate oxygen with the C-4 position of the nicotinamide ring close to N-5 of FMN, suggesting optimal positioning of NADPH for hydride transfer to the flavin (35, 36) . With only one accessible site, the enzyme must act by a ping-pong mechanism, consistent with the steady state kinetics of all forms of the enzyme studied (5, (37) (38) (39) .
The effect of mutation of active site residues of Old Yellow Enzyme has been studied. The hydroxyl of threonine 37 is within hydrogen bonding distance of O4 of FMN. Mutation of this residue to alanine resulted in an enzyme with a decreased redox potential and, concomitantly, an enhanced oxidative activity and decreased reductive activity when compared with wild type enzyme (39) . Mutation of His-191 to Asn resulted in a protein that did not bind ligands or substrates well. Mutation of Asn-194 to His resulted in a protein that was unable to bind FMN tightly, and a double mutant, H191N/N194H, catalyzed reduction at a more rapid rate and showed some decrease in binding affinity for phenolic ligands (37) . Tyrosine 196 is positioned to act as an active site acid, donating a proton to the ␣-position of the double bond of the unsaturated substrate. Mutation of this residue to phenylalanine resulted in an enzyme that was severely inhibited in the oxidative half-reaction with 2-cyclohexenone and other ␣,␤-unsaturated aldehydes or ketones (38) .
In this paper we discuss the effect of mutation of glutamine 114, which hydrogen-bonds to O2 and N3 of FMN (Fig. 1B and Refs. 35 and 36) . Glutamine 114 was mutated to asparagine to study the effects of the hydrogen-bonding interactions and the role of this residue in catalysis. The effect of the mutation of glutamine 114 to asparagine is to introduce a side chain that is one methylene unit shorter than glutamine. The mutant enzyme reductive and oxidative half-reactions, binding with phenolic ligands, catalytic turnover, and crystal structure were studied to better understand the role of glutamine 114.
EXPERIMENTAL PROCEDURES
Tryptone and yeast extract were from Difco. Competent E. coli BL21-DE (3) strains and the pET-3b plasmid vector were from Novagen. Ampicillin and isopropyl-1-thio-␤-D-galactopyranoside were from Roche Molecular Biochemicals. 2-Cyclohexenone, ␤-NADPH, p-methoxyphenol, pentafluorophenol, p-hydroxybenzaldehyde, p-chlorophenol, p-cyanophenol, cytochrome c, catalase, superoxide dismutase were from Sigma-Aldrich.
Mutation of OYE1
To create the point mutation, the QuikChange site-directed mutagenesis kit by Stratagene was used. Single-stranded oligonucleotides containing the point mutation were synthesized by the Biomedical Research Core Facilities at the University of Michigan. The primers had the sequence 5Ј to 3Ј, GTTCGTTTGGGTTAACTTATGGGTTTTG-GGTTGGGCTGC, and 3Ј to 5Ј, CAAGCAAACCCAATTGAATACCCAA-AACCCAACCCGACG. Using the OYE1 gene cloned into a pET-3b plasmid, the polymerase chain reaction was conducted using a PerkinElmer GeneAmp PCR 2400 apparatus to yield the cloned, mutated plasmid. The wild type, double-stranded DNA template was removed by digestion with the restriction enzyme DpnI.
Expression of OYE-Q114N
The mutated plasmid was transformed into Epicurian coli XL1-Blue cells and isolated by using the QIAprep Mini-Prep kit from Qiagen. The plasmid sequence was determined by the University of Michigan DNA Sequencing Core confirming the success of the mutagenesis procedure. The T7 primer and three oligonucleotides spanning the entire coding region of OYE1 were used to analyze the sequence.
The mutant plasmid was transformed into competent E. coli BL21(DE3) cells for protein expression. Q114N-OYE1 was isolated as described previously for wild type enzyme using a phenol affinity column (40) . Based on spectral data, fractions containing OYE1-Q114N with a 280/460-nm ratio of no more than 10 were combined, concentrated with a Centriprep 30 Amicon filter, and dialyzed against 0.05 M potassium phosphate buffer, pH 7.0. On SDS-PAGE, the mutant enzyme ran as a single band at an equivalent position to wild type OYE1. The yield of the mutant enzyme was 325 mg of enzyme from 6 liters of culture. 
Ligand Binding Studies
All spectral data were obtained using a Hewlett Packard diode array 8452A or a Cary 3 spectrophotometer. Oxidized OYE-Q114N was titrated with various phenols in 1-cm cuvettes, and the absorbance changes were recorded. Sufficient data were collected to enable calculation of the spectral changes associated with complete binding of the ligand. From the spectral data, the dissociation constants were calculated by determining the concentration of free ligand and enzyme relative to bound ligand-enzyme complex. Extinction coefficients of the charge-transfer complex were found by taking the absorbance at the long wavelength maximum at saturation.
Stopped-flow Experiments of Half-reactions
Reductive Half-reaction-The reductive half-reaction with NADPH was studied using a Hi-Tech SF-61 stopped-flow spectrophotometer.
Reactions were monitored at 25°C in 50 mM potassium phosphate, pH 7.0. Concentrations of NADPH solutions used were 50, 100, 150, and 200 M after mixing. The concentration of the oxidized enzyme solution was such that absorbance at 460 nm was greater than 0.2. Reactions were monitored at various wavelengths using anaerobic conditions to study binding of NADPH, formation of the NADPH-oxidized flavin charge-transfer complex, and reduction of the flavin.
Oxidative Half-reaction-For the oxidative half-reaction with 2-cyclohexenone, enzyme was reduced using an NADPH-generating system composed of glucose 6-phosphate, glucose-6-phosphate dehydrogenase, and NADP ϩ . Concentrations of 2-cyclohexenone used were 50, 100, 150, 200, 300, 400, and 600 M after mixing. All buffers and solutions were made anaerobic by bubbling with argon for at least 15 min before use.
For the oxidative half-reaction with oxygen, enzyme was reduced with 1) an NADPH-generating system, 2) xanthine, xanthine oxidase, and benzyl viologen, or 3) titration with sodium dithionite. Oxygen solutions were prepared by bubbling 50 mM phosphate buffer, pH 7.0, with gases containing different oxygen percentages for at least 15 min before use. Oxygen concentrations after mixing were 0.128, 0.305, and 0.610 mM. Data analysis was conducted using Program A, developed by C. J. Chiu, R. Chung, J. Diverno, and D. P. Ballou at the University of Michigan.
Enzyme-monitored Turnover Reactions
Turnover of OYE-Q114N by NADPH and 2-cyclohexenone was studied by using the Hi-Tech stopped-flow spectrophotometer. NADPH concentrations of 100 or 200 M were used, whereas 2-cyclohexenone concentrations were varied between 200 M and 2 mM. The enzyme concentration was adjusted so that absorbance at 462 nm was below 0.1. All solutions were made anaerobic before use. Reactions were monitored at pH 7.0 in phosphate buffer, 25°C.
Turnover reactions with NADPH and oxygen were studied also using the stopped-flow spectrophotometer. Oxidized enzyme in air-saturated 0.05 M phosphate, pH 7.0, containing 200 M NADPH was mixed with the same buffer equilibrated with 10, 21, 50, or 100% oxygen. Reactions were monitored at 340 nm to measure initial NADPH oxidation and 462 nm to follow the status of oxidized flavin enzyme during the reaction. Analysis of the 462-nm data was carried out by the method of Gibson et al. (41) .
Measurement of Superoxide Anion Formation
NADPH/oxygen turnover was measured in air-saturated KP i (50 mM, pH 7.0) at 25°C in the absence and presence of cytochrome c. In separate experiments the oxidation of NADPH was measured by a decrease in absorbance at 340 nm, and the reduction of cytochrome c by superoxide anion was measured by an increase in absorbance at 550 nm. The concentration of NADPH was determined using an extinction coefficient of 6200 M Ϫ1 cm Ϫ1 (42) , and the reduction of cytochrome c was determined using a reduced-oxidized difference extinction coefficient of 21,000 M Ϫ1 cm Ϫ1 (43) . The reaction was run also in the presence of superoxide dismutase (0.01 units/ml) to eliminate the effect of O 2 . and in the presence of catalase (0.025 mg/ml) to eliminate reoxidation of reduced cytochrome c by H 2 O 2 .
X-ray Crystallographic Methods
Crystals of the Q114N mutant and its complex with p-hydroxybenzaldehyde (PHB) were grown as described for the wild type OYE (35) . The crystals were stored in a buffer that contained 0.1 M HEPES, pH 8.3, 0.2 M MgCl 2 , and 40% polyethylene glycol 400. The crystals belong to the space group P4 3 2 1 2 with unit cell parameters a ϭ b ϭ 142.46 Å, c ϭ 42.93 Å for the free mutant, and a ϭ b ϭ 143.00 Å and c ϭ 43.00 Å for the Q114N⅐PHB complex. X-ray diffraction data were collected using a Rigaku RU-H3R rotating anode x-ray generator and a RAXIS-IV detector. The data were scaled and merged using HKL 2000 (44) . All crystallographic refinement was carried out using CNS version 0.9a (45) . The wild type OYE1 structure at 1.65-Å resolution (36) was used as the starting model and used to phase the initial maps.
In the free OYE1 mutant enzyme crystal structure, the Gln-114 was replaced by Asn. Amino acid residues Asn-114, Tyr-375, Phe-296, Tyr-196, Phe-250, Pro-295 and the isoalloxazine ring were moved manually to fit the density. The loop from residues 292 to 305 had very little density but was left in the model. The chloride present in the active site of wild type OYE was removed, and a water molecule was added to some weak density above the central part of the flavin.
In the Q114N⅐PHB complex structure the initial map showed a clear difference density for PHB at its expected site of binding on the si-face of the flavin ring. PHB was modeled into the density, and two water molecules and the chloride ion were removed. The side chains of amino acids Tyr-375, Phe-296 and Pro-295 were moved into density. The models were refined between infinity and 2.7 Å using conventional positional refinement followed by manual adjustments guided by 2F o Ϫ F c and F o Ϫ F c maps. The data collection and refinement statistics are shown in Table I .
RESULTS AND DISCUSSION

Ligand Binding Studies
The flavoprotein spectrum of Q114N is compared with that of OYE1 in Fig. 2 . The mutation results in a 4-nm blue shift in the flavoprotein peak. On titration to saturation with p-chlorophenol, both OYE1 and the Q114N mutant enzyme display a long wavelength absorbance peak. The peak of the long wavelength absorbance of the mutant enzyme with p-chlorophenol is at a slightly higher wavelength than that of OYE1, and the extinction coefficient is somewhat lower. A total of five phenolic compounds were tested for binding with OYE1 and Q114N, and the results are summarized in Table II . Like the wild type enzyme, OYE1-Q114N forms charge-transfer complexes with the phenolates to develop strong absorbance bands in the long wavelength range. All the dissociation constants (K d ) for the mutant enzyme were higher than for the wild type enzyme. According to the crystal structure of OYE1 (35) the side chain of glutamine 114 hydrogen bonds to O2 and N3 of FMN in the active site (Fig. 1B) . Because the mutation from glutamine to asparagine shortens the side chain by one methylene unit, binding in the active site is expected to be altered as the difference in K d values demonstrate. In general, there were slight shifts of 5-7 nm toward longer wavelengths in the absorbance maxima of the charge transfer complexes. The extinction coefficient for binding of the substituted phenols by the Q114N mutant is lower in all cases except pentafluorophenol.
Reductive Half-reaction with ␤-NADPH
The reductive half-reaction for Q114N was studied by stopped-flow spectrophotometry. The reaction scheme for reduction of OYE is as follows (5) .
Binding between NADPH and the enzyme to form the Michaelis complex occurred in the 3-ms dead time in the spectrophotometer (k 1 and k 2 ); this was observed by noting the absorbance difference between the initial flavin spectrum and the starting absorbance for reactions monitored at 460 nm. Formation of the Michaelis complex was concentration-dependent as an increase in NADPH concentration corresponded to a larger decrease in initial absorbance in the 460 -500-nm range. Initial binding was followed by observance of a long wavelength absorbance band of the charge-transfer complex with NADPH as the electron donor and the oxidized flavin as the acceptor (k 3 and k 4 ). Compared with the k CT (k 3 ϩ k 4 ) of 340 s Ϫ1 found from 530-nm data for wild type enzyme, the value for the mutant enzyme was lower at around 200 s Ϫ1 . Reduction of the flavin was observed to occur after the formation of the charge-transfer complex (k 5 and k 6 ). The results are summarized in Table III. Comparison with k red for wild type OYE revealed that reduction occurred slightly faster for the mutant.
It was observed that Q114N behaved like the wild type enzyme in its concentration dependence of NADPH for chargetransfer complex formation. The mutant enzyme also shows some dependence on NADPH concentration for reduction, which is dissimilar to the wild type enzyme, where the observed rate constant for reduction is independent of NADPH concentration. This is probably due to the relative values of the rate constants k 3 and k 4 in the 2-step binding process of NADPH preceding reduction of the enzyme flavin.
Oxidative Half-reaction with 2-Cyclohexenone
To determine the rate of oxidation of the Q114N mutant enzyme by 2-cyclohexenone, the reduced enzyme was mixed with various concentrations of cyclohexenone in the stoppedflow spectrophotometer, and the reoxidation of the enzymebound flavin was monitored at 460 nm. The double bond between C2 and C3 of 2-cyclohexenone (Reaction 2) is reduced by the reduced flavin to form cyclohexanone (8) . As with wild type enzyme a complex between reduced enzyme and cyclohexenone is formed before the oxidation-reduction reaction, as evidenced by the saturation kinetics. With the mutant enzyme 2-cyclohexenone concentrations of 10 mM were required to approach saturation. The results are summarized in Table III and Fig. 3 . The rate is ϳ1/3 that determined for OYE1, and 2-cyclohexenone is bound less tightly to the mutant enzyme by a factor of ϳ40.
REACTION 2 TABLE II Ligand binding comparison studies between OYE1 and Q114N
EFMN ϩ NADPH L | ; k 1 k 2 EFMN-NADPH Michaelis complex L | ; k 3 k 4 EFMN⅐NADPH* Charge-Transfer complex k 6 /k 5 EFMNH 2 ϩ NADP ϩ l | : k 7 k 8 EFMNH 2 ⅐ NADP ϩ REACTION 1
Oxidative Half-reaction with Oxygen
Reduced OYE typically reacts with molecular oxygen to form the oxidized enzyme and hydrogen peroxide in a monophasic reaction.
The k ox for wild type OYE is 3.8 ϫ 10
M
Ϫ1 s Ϫ1 and appears to be a simple second-order reaction without formation of a discrete complex with oxygen preceding the chemical reaction. In contrast, regardless of the method of reduction, the oxidation reaction with molecular oxygen and OYE-Q114N was biphasic (data not shown), different from wild type and other mutant forms of Old Yellow Enzyme. When superoxide dismutase was added to the reaction mixture the oxidation reaction became monophasic, and the usual linear relationship between k obs and oxygen concentration was realized. The k ox for the Q114N mutant under these conditions was determined to be 7.4 ϫ 10 2 M Ϫ1 s Ϫ1 , a value that is ϳ1/5 that of wild type enzyme (Table  III) . Therefore, from the results of this experiment, it was concluded that the observed biphasic behavior of the enzyme in the absence of superoxide dismutase was due to complications with O 2 . . With Q114N, more O 2 .
(which reacts faster with the enzyme than O 2 ) was produced than with wild type enzyme, leading to the biphasic kinetic behavior.
Steady State Kinetics
Turnover with NADPH/2-Cyclohexenone-Catalytic turnover of OYE1-Q114N with NADPH and 2-cyclohexenone was studied in the stopped-flow spectrophotometer under anaerobic conditions by the technique of enzyme-monitored turnover (41) , with NADPH as the substrate in limiting concentration at different excess concentrations of cyclohexenone. The absorbance of the flavin at 462 nm is dependent on the relative rates of reduction by NADPH and reoxidation by cyclohexenone, and hence, turnover at regular time increments can be calculated until all the NADPH is oxidized. Lineweaver-Burk plots of 1/[NADPH] versus 1/turnover number at various cyclohexenone concentrations resulted in a series of parallel lines. The y intercepts from these lines plotted versus the reciprocal of 2-cyclohexenone concentration yielded the steady state kinetic constants shown in Table IV .
Steady state kinetic constants can also be calculated from the individual rate constants of Fig. 4A as follows.
where
The agreement between the experimentally determined steady state kinetic constants and those calculated from individually determined rate constants for both Q114N and wild type enzyme are shown in Table IV . Compared with the wild type enzyme, k cat is slightly faster for the mutant enzyme. The K m values for both substrates are larger for the mutant enzyme, the value for 2-cyclohexenone being 2 orders of magnitude greater. The k cat values for both OYE1 and Q114N are limited by the rate of formation of reduced enzyme because this is slower (ϳ5 s Ϫ1 ) than that of oxidation by cyclohexenone (Ͼ30 s Ϫ1 ). Turnover with NADPH/Oxygen-Turnover of OYE1-Q114N with ␤-NADPH and molecular oxygen was also studied using the stopped-flow spectrophotometer. Oxidized enzyme in airsaturated buffer was mixed with 0.05 M phosphate, pH 7.0, containing 200 M NADPH and equilibrated with 10, 20, 50, or 100% gaseous oxygen. Absorbance readings were taken at the flavin absorbance wavelength at 462 nm and at the NADPH absorbance wavelength at 340 nm. A double-reciprocal plot of NADPH concentration versus observed turnover was constructed and resulted in parallel lines, indicating a ping-pong mechanism. The y intercepts for these lines were plotted against the inverse of oxygen concentration to yield the k cat and K m values for NADPH and oxygen. A comparison of experimentally determined turnover data with values calculated from   FIG. 3 . Oxidation of reduced Q114N by 2-cyclohexenone. The oxidation of the Q114N mutant enzyme by 2-cyclohexenone was followed at 460 nm and is shown as a direct plot. Q114N was reduced with an NADPH-generating system composed of glucose 6-phosphate (33 mM), NADP (0.326 M), and glucose-6-phosphate dehydrogenase (10 units). Ϫ3 M a The steady state kinetics for the NADPH/oxygen reaction were redetermined by the enzyme-monitored turnover method (41) and are slightly different from those reported earlier (37) . The values for the NADPH/cyclohexenone reaction are taken from Brown et al. (37) .
individually determined rate constants also yielded good agreement between the two sets of data. The kinetic mechanism, involving only one enzyme-substrate complex, is shown in Fig.  4B . Equations used to calculate the steady state kinetic parameters from the rate constants determined in the half-reactions are as follows.
Results, summarized in Table IV , show a k cat for the mutant enzyme that is approximately twice that of wild type enzyme. The K m for NADPH was slightly increased by the mutation, and the K m for oxygen was an order of magnitude larger than that of the wild type enzyme, a reflection of the smaller value of k ox .
Formation of Superoxide Anion
The amount of superoxide anion formed by Q114N during NADPH/oxygen turnover was measured by monitoring the reduction of cytochrome c by O 2 . at 550 nm. The concentration of cytochrome c reduced was calculated using a difference extinction coefficient (reduced-oxidized) of 21,000 M Ϫ1 cm Ϫ1 (43) . The oxidation of NADPH in separate experiments was measured at 340 nm. As summarized in Fig. 5 , the reaction of reduced flavin with oxygen is a one-electron transfer process involving formation of a caged radical pair of neutral flavin semiquinone and superoxide anion (47) . From this primary complex there are several possible pathways, the formation of flavin C4a-peroxyflavin species, dissociation of the complex into free flavin semiquinone and O 2 . , or a second one-electron transfer to yield oxidized flavin and H 2 O 2 . The formation of H 2 O 2 and oxidized flavin might also occur via the peroxyflavin species or through spontaneous dismutations of superoxide and flavin radicals as indicated in the figure. The reaction of free reduced flavins with oxygen is a complex autocatalytic process involving the formation of appreciable concentrations of O 2 . , which react faster with reduced flavin than does molecular oxygen (48 . , apparently enough to result in biphasic oxidation of the reduced enzyme. In the presence of superoxide dismutase the oxidation is monophasic, with observed first order rate constants directly proportional to the oxygen concentration. The results at pH 8.5 were the same as at pH 7.0.
Crystal Structure of Q114N Mutant of OYE1
The 2.7 Å crystal structure of the Q114N OYE mutant enzyme shows no global changes in the structure but a few major changes in the active site. The electron density maps clearly show density for the shorter side chain for Asn-114. The side chain of the Gln-114 in wild type OYE is hydrogen-bonded to the O2 and N3 atoms of the isoalloxazine. The shorter Asn-114 side chain cannot make these hydrogen bond contacts with the flavin, but it maintains a hydrogen bond via its amide with the carboxylate of Glu-189. The isoalloxazine of Q114N is shifted from its original location and is tilted by a 12°angle with respect to the flavin ring system compared with that in OYE1 (Fig. 6 ). This shift allows the isoalloxazine ring atoms O2 and N3 to make new hydrogen bonds to replace those it lost due to the E114N mutation. The flavin shift is such that the flavin O2 atom hydrogen bonds to the amido nitrogen of Asn-194, a guanidino nitrogen of Arg-243, and to the side chain of His-191. The flavin N3 atom is close to His-191-NE2, but because both these atoms are expected to be protonated, this interaction may not be favorable. The flavin O4 is hydrogen-bonded to the OH group of Thr-37. The chloride ion that binds in the active site pocket of wild type OYE is not present in the mutant. Its binding site has been disrupted by the movement of the flavin and the loss of availability of His-191 and Asn-194, which are now H-bonded to the flavin itself.
The maps for the Q114N⅐PHB complex clearly show the density of the smaller side chain of Asn-114 and that of PHB. The side chain of Asn-114 makes the same hydrogen bond with Glu-189 as in the uncomplexed mutant enzyme structure. Comparing the structures of the active sites of Q114N and that of its complex with PHB (Fig. 7) shows the interesting result that upon ligand binding the flavin moves back to the same position as in the wild type OYE so that the active site of the Q114N⅐PHB complex is basically equivalent to that of the complex with wild type enzyme. This shift of the flavin in Q114N on p-hydroxybenzaldehyde binding results in the N3 atom of the flavin being buried but having no hydrogen bond partners. The closest interaction for the N3 atom is with the carbonyl oxygen in the side chain of Asn-114 which is 4.3 Å away, but it is well aligned.
In summary, the replacement of glutamine 114 with asparagine results in only small changes in protein structure. The enzyme-bound flavin shifts to H-bond with His-191 and Asn-194 to compensate for the loss of H-bonding with Gln-114 due to the shorter Asn residue at position 114. Binding of phenolic ligands results in the return of the flavin to a position similar to that in the wild type enzyme, but the necessity for FMN movement and the price paid for the lost H-bonds with N3 and O2 of the flavin explain the lowered affinity of binding of typical OYE ligands. The movement of FMN would be necessary for catalysis with NADPH and cyclohexenone, resulting in an enzyme that maintains most of the fundamental properties of the wild type enzyme with slightly lower reactivity toward cyclohexenone. Oxygen reactivity is also decreased somewhat, and the amino acid replacement, Q114N, results in increased formation of superoxide anion in the reaction of the reduced enzyme with oxygen. 
